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Synthetic Model of the Oxygen-Evolving Center: 
Photosystem II under the Spotlight 
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The oxygen-evolving center (OEC) in photosystem II catalyzes 
a water splitting reaction. Great efforts have already been 
made to artificially synthesize the OEC, in order to elucidate 
the structure-function relationship and the mechanism of the 
reaction. Now, a new synthetic model makes the best mimic 
yet of the OEC. This recent study opens up the possibility to 
study the mechanism of photosystem II and photosynthesis in 
general for applications in renewable energy and synthetic 
biology. 


Water splitting takes place at the oxygen-evolving center (OEC) 
of photosystem Il in plants, algae, and cyanobacteria. During 
the reaction, oxygen atoms in water are oxidized to O, while 
protons and electrons are used to convert light energy into 
chemical energy. To oxidize water, the OEC operates at a redox 
potential of ~1 V, one of the highest redox potentials in bio- 
logical systems." Yet it achieves amazing efficiency with an es- 
timated turnover frequency of 40s~' and a turnover number 
of 600000.”! Because it is the only catalyst for biological water 
oxidation, the OEC has been the source of O, production for 
the past 3 billion years, shaping the whole biosphere. Due to 
its efficiency and robustness, the OEC could provide important 
design principles for artificial water-oxidation catalysis for re- 
newable energy applications. 

The OEC is a heteronuclear metal cluster composed of Mn, 
Ca, and O atoms. Along with the FeMoCo core in nitrogenase 
enzymes and the Ni—Fe cofactor in carbon monoxide dehydro- 
genase,” 4'®! the OEC is among the most complex metal cofac- 
tors in biomolecules. Before high-resolution crystal structures 
were available, X-ray absorption spectroscopy studies identi- 
fied the OEC as an oxo-bridged metal cluster with four Mn°~ 
ions and one Ca?" ion and provided several possible structures 
of the OEC.” A 1.9 Å resolution X-ray structure of photosyste- 
m Il has revealed its unique active site at resting state, which 
harbors a Mn;0,Ca cubane structure and a dangling Mn ion, 
resembling a distorted chair (Figure 1 A).® This crystal structure 
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Figure 1. A) Comparison of the native OEC"! (PDB ID: 3WU23, rendered with 
VMD) and B) its synthetic model®™ (Cambridge Crystallographic Database de- 
posit number: 1042697, rendered with VMD). 


of the OEC also agrees with previous XAS data and other spec- 
troscopic data. 

During its photocatalytic cycle, the OEC can go from S, to S, 
state, with S, being the most reduced form (having 3 Mn? 
ions and 1 Mn** ion). Although numerous computational and 
spectroscopic studies have shed light on the reaction mecha- 
nism of water splitting and the intermediate structure of the 
OEC, many questions remain to be answered: including the 
structure and ligand environment of the more oxidized inter- 
mediates and redox potentials between various oxidation 
states. 

Because the OEC resides in a 350 kDa membrane-protein 
complex, it is challenging to study the reaction mechanism 
and redox chemistry of the OEC directly. Synthetic model com- 
plexes that mimic both the structure and function of the OEC 
provide a facile strategy to capture the reaction intermediates, 
characterize their structural, spectroscopic, and redox proper- 
ties, and calibrate computational studies. There are a few Mn- 
based functional models of the OEC that can oxidize water/??” 
but their structures are distinctly different from that of the nat- 
ural OEC. With an asymmetric structure and several high-valent 
metal ions, the synthesis of a functional OEC model is highly 
challenging for inorganic chemists. In 2011, Kanady et al. re- 
ported the synthesis of a Mn;0,Ca cluster, which is structurally 
similar to the cubane part of the OEC.” Mukherjee et al. re- 
ported a closer mimic, which contains a Mn,0,Ca cubane with 
a dangling Ca atom.” These synthetic models provide infor- 
mation about the role of calcium and the redox chemistry of 
the cluster.”"®'” Recently, a Mn,Ca model compound of the 
OEC (Figure 1B) was reported by Zhang et al.” In addition to 
the Mn;0,Ca cubane, this model includes the “dangler” Mn 
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ion, and the Mn-Mn distances match those from the native 
cluster, making it the best OEC structural model yet available.” 

Besides structural similarity, the new Mn,Ca model features 
complex electrochemical behavior and, upon one-electron oxi- 
dation, was capable of reproducing spectroscopic features 
reminiscent of the S, state from the native enzyme. In the 
cyclic voltammogram, four redox processes were accessible, al- 
though not all reversible or in a physiologically relevant range, 
which indicates that the complex can accumulate oxidation 
equivalents in a manner similar to the transitions between S,- 
S, states in the native OEC. To further demonstrate its similarity 
to the native cluster, the S, state of the synthetic model was 
trapped by using a chemical oxidant with the appropriate oxi- 
dation potential. The authors then performed extensive elec- 
tron paramagnetic resonance (EPR) spectroscopy on the syn- 
thetic model in the S, state. The two signals in the EPR spec- 
trum, one with g=4.9 and one with g=2.0, are similar to 
those from the native OEC in the S, state. ™'™® Such characteris- 
tic signals have never been observed in other synthetic 
models. Additionally, the ligands at the Mn4 and Ca positions 
could be exchanged by alternative neutral ligands, which indi- 
cated that they are possible binding sites for the water mole- 
cule. The resemblance between the synthetic Mn,Ca cluster 
and the native OEC suggests that this synthetic model is 
a good starting point to study the mechanism of the water- 
splitting reaction in great depth. With the structural and spec- 
troscopic resemblances, a natural question to ask is whether 
the synthetic model could perform water-oxidation chemistry. 
Zhang et al. did not mention that this had been tested.®! 

Because the synthetic model has similar structural and spec- 
troscopic features (for the S, intermediate) to the native clus- 
ter, its redox behavior could provide insight about the redox 
chemistry of the OEC in photosystem II. By correlating its phys- 
ical properties, such as magnetic behavior and structure, with 
its chemical properties, such as redox state and potential, fur- 
ther information could be gathered for water oxidation by the 
native OEC and artificial systems. 

Despite the structural resemblance and functional implica- 
tions, there are still opportunities to produce better OEC 
model complexes. Compared to the native OEC, the current 
synthetic Mn,Ca cluster still lacks one O ligand connecting the 
“dangler” Mn ion with a Mn ion in the cubane. Additionally, 
the distances between Mn1 and O5 (O atom between Mn1, 
Mn3, Mn4, and Ca) are quite different between the synthetic 
complex and the native OEC, although a long Mn1-O5 dis- 
tance is crucial for water coordination to Mn1. Another chal- 
lenge for the development of a functional model of the OEC is 
the direct observation of water oxidation, which has not yet 
been shown. 

By increasing the mechanistic understanding of photo- 
system Il, the next question that can be asked is whether it is 
possible to construct artificial photosynthetic systems in vitro 
and in vivo. One of the main goals of this would be to build 
an artificial photosynthetic apparatus from scratch. Great prog- 
ress has been made in this field by using heterogeneous 
metal-oxide catalysts." Among them, some can even achieve 
an efficiency higher than photosynthesis.?" While H, is the 
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most common product and electron sink for water oxidation, 
electrons from the reaction could also be used as the source 
for CO, reduction, generating carbon-based fuels and fixing 
CO, at the same time.” 

While some synthetic inorganic compounds are already 
powerful water-oxidation catalysts, nature wraps its catalyst 
with protein. In native photosystem Il, the MnCa cluster is co- 
ordinated by seven amino acid residues (Asp, Glu, Ala, His), 
and its second coordination sphere includes three additional 
residues (Asp, Arg, Glu). These residues help to stabilize the 
MnCa cluster by limiting the interaction between the catalytic 
core and the water molecules, and preventing the metal core 
from collapsing or aggregating. To develop useful catalysts for 
water splitting, the robustness of the artificial OEC can be im- 
proved by providing an appropriate macromolecule scaffold or 
polymer matrix to support the metal cluster.” 

For that purpose, small protein models have been proven to 
be valuable for studying large, complex metalloenzymes.'"*"") 
While the synthetic chemistry approach allows for atomic con- 
trol and accurate recapitulation of the coordination shell, it re- 
mains difficult to install secondary shell residues, which are es- 
sential for optimizing proton and electron transfer. Using mo- 
lecular biology techniques and expansion of the genetic code, 
small protein models of complex metalloenzymes can be con- 
structed. Through this approach, an artificial OEC model, 
proton and electron relays, photosensitizers, and CO,-reducing 
catalysts might be assembled optimally, resulting in a highly 
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Figure 2. An integrative system for the conversion of CO, into fuel by using 
the electrons provided by the artificial OEC through water splitting. 


efficient catalytic system to covert CO, into fuel by using the 
electrons and protons provided by water splitting (Figure 2). 
The work of Zhang et al. is an important milestone in photo- 
synthesis research and has many implications in synthetic biol- 
ogy and renewable energy. One of the most important proper- 
ties of photosystem II is that it is capable of using water as an 
electron source for CO, reduction. However, the reducing elec- 
trons have to be relayed through a complex system to pro- 
duce NADPH, and then NADPH is used for CO, reduction (also 
through a complex, and inefficient cycle, called the Calvin 
cycle). By using a simplified model of the OEC, the reducing 
electrons provided by water splitting could be much more 
easily harnessed to drive a large number of chemical reactions. 
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This new synthetic OEC model opens up many possibilities 
to study the mechanism of water splitting, as well as develop- 
ing an inexpensive catalyst with an earth-abundant source for 
artificial photosynthesis. 


Keywords: metal clusters oxygen-evolving centers 


photosynthesis - photosystem II - water splitting 


1] N. Cox, D.A. Pantazis, F. Neese, W. Lubitz, Acc. Chem. Res. 2013, 46, 
1588-1596. 

2] C.W. Cady, R. H. Crabtree, G. W. Brudvig, Coord. Chem. Rev. 2008, 252, 
444-455. 

3] K. M. Lancaster, M. Roemelt, P. Ettenhuber, Y. Hu, M. W. Ribbe, F. Neese, 
U. Bergmann, S. DeBeer, Science 2011, 334, 974-977. 

4] T. Spatzal, M. Aksoyoglu, L. Zhang, S.L. A. Andrade, E. Schleicher, S. 
Weber, D. C. Rees, O. Einsle, Science 2011, 334, 940. 

5] a) J. Yano, J. Kern, K. Sauer, M. J. Latimer, Y. Pushkar, J. Biesiadka, B. Loll, 
W. Saenger, J. Messinger, A. Zouni, V. K. Yachandra, Science 2006, 314, 
821-825; b) J. Yano, V. Yachandra, Chem. Rev. 2014, 114, 4175-4205. 

6] Y. Umena, K. Kawakami, J. R. Shen, N. Kamiya, Nature 2011, 473, 55-60. 

7] J. S. Kanady, E. Y. Tsui, M. W. Day, T. Agapie, Science 2011, 333, 733-736. 

8] C. Zhang, C. Chen, H. Dong, J.-R. Shen, H. Dau, J. Zhao, Science 2015, 
348, 690-693. 

9] N. Cox, L. Rapatskiy, J.-H. Su, D. A. Pantazis, M. Sugiura, L. Kulik, P. 
Dorlet, A. W. Rutherford, F. Neese, A. Boussac, W. Lubitz, J. Messinger, J. 
Am. Chem. Soc. 2011, 133, 3635 - 3648. 

[10] D. A. Pantazis, W. Ames, N. Cox, W. Lubitz, F. Neese, Angew. Chem. Int. 

Ed. 2012, 51, 9935-9940; Angew. Chem. 2012, 124, 10074-10079. 
[11] a) S. Y. Reece, J. A. Hamel, K. Sung, T. D. Jarvi, A. J. Esswein, J. J. H. Pijp- 
ers, D. G. Nocera, Science 2011, 334, 645-648; b) K. Ray, F. Heims, M. 


BQ 


22 


CHEMBIOCHEM 
Highlights 


Schwalbe, W. Nam, Curr. Opin. Chem. Biol. 2015, 25, 1590171; c) A. Kudo, 
Y. Miseki, Chem. Soc. Rev. 2009, 38, 253-278. 

T. K. Hyster, L. Knorr, T. R. Ward, T. Rovis, Science 2012, 338, 500-503. 

Z. Tang, H. Wu, Y. Zhang, Z. Li, Y. Lin, Anal. Chem. 2011, 83, 8611-8616. 
C. Hu, S. I. Chan, E. B. Sawyer, Y. Yu, J. Wang, Chem. Soc. Rev. 2014, 43, 
6498-6510. 

F. Yu, V. M. Cangelosi, M. L. Zastrow, M. Tegoni, J. S. Plegaria, A. G. Tebo, 
C. S. Mocny, L. Ruckthong, H. Qayyum, V. L. Pecoraro, Chem. Rev. 2014, 
114, 3495 - 3578. 

H. Dobbek, V. Svetlitchnyi, L. Gremer, R. Huber, O. Meyer, Science 2001, 
293, 1281-1285. 

S. Mukherjee, J. A. Stull, J. Yano, T. C. Stamatatos, K. Pringouri, T. A. Stich, 
K. A. Abboud, R. D. Britt, V. K. Yachandra, G. Christou, Proc. Natl. Acad. 
Sci. USA 2012, 109, 2257 - 2262. 

E. Y. Tsui, T. Agapie, Proc. Natl. Acad. Sci. USA 2013, 110, 10084- 10088. 
J. S. Kanady, P.-H. Lin, K. M. Carsch, R. J. Nielsen, M. K. Takase, W. A. God- 
dard, T. Agapie, J. Am. Chem. Soc. 2014, 136, 14373 - 14376. 

A. Llobet, Molecular Water Oxidation Catalysis, Wiley, West Sussex, UK, 
2014. 

R. E. Blankenship, D. M. Tiede, J. Barber, G. W. Brudvig, G. Fleming, M. 
Ghirardi, M. R. Gunner, W. Junge, D. M. Kramer, A. Melis, T. A. Moore, 
C. C. Moser, D. G. Nocera, A. J. Nozik, D. R. Ort, W. W. Parson, R. C. Prince, 
R. T. Sayre, Science 2011, 332, 805-809. 

a) E. E. Benson, C. P. Kubiak, A. J. Sathrum, J. M. Smieja, Chem. Soc. Rev. 
2009, 38, 89-99; b) B. Kumar, M. Llorente, J. Froehlich, T. Dang, A. Sath- 
rum, C. P. Kubiak, Annu. Rev. Phys. Chem. 2012, 63, 541-569. 


Manuscript received: June 16, 2015 


Accepted article published: August 6, 2015 
Final article published: August 20, 2015 


ChemBioChem 2015, 16, 1981 - 1983 www.chembiochem.org 


1983 


© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 


